We reported that the multiple PDZ protein 1 (MUPP1) is an osmotic response protein in kidney cells. This up-regulation was found to be necessary for the maintenance of tight epithelial properties in these cells. We investigated whether an interaction with one or more members of the claudin family is responsible for this observation. In response to hypertonicity, the up-regulation of claudin-4 (Cldn4) expression, and not other claudins, was initially identified in inner medullary collecting duct (IMCD3) cells by gene array and further verified by quantitative PCR and Western blotting. In kidney tissues, Cldn4 expression was substantial in the papilla and absent in the cortex. Furthermore, Cldn4 expression significantly increased in the papilla of mice after 36 h of thirsting. Cldn4 immunofluorescence in hypertonically stressed cells revealed colocalization with MUPP1 at the tight junctions. Interaction between Cldn4 and MUPP1 was also demonstrated by coimmunoprecipitation of both proteins from IMCD3 cells chronically adapted to hypertonicity. In IMCD3 cells stably silenced for MUPP1 expression under hypertonic conditions, a significant decrement in Cldn4 expression was observed that was restored after inhibition of lysosome activity. Immunofluorescence detection identified that in these MUPP1-silenced cells Cldn4 was mistargeted to the lysosomes. Functionally, silencing Cldn4 expression in IMCD3 cells resulted in a decrease in the transepithelial resistance to the same degree as observed when MUPP1 expression was silenced, suggesting that MUPP1 contributes to the maintenance of a tight epithelium in the medulla of the kidney under hypertonic stress by correctly localizing Cldn4 to the tight junctions.
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osmotic stress response ͉ kidney cells ͉ inner medulla T he cells that inhabit the hypertonic environment of the inner medulla possess a number of adaptive mechanisms that allow them to survive this harsh environment. This survival is mediated initially by the activation of ion transport systems and thereafter by the cellular accumulation of a number of organic osmolytes (1) (2) (3) (4) . It has become increasingly evident that in addition to the proteins required for the cellular uptake and/or synthesis of these osmolytes (transporters and enzymes), hypertonic stress brings about a coordinated response involving the up-and down-regulation of hundreds of genes, many of which may be critical to cell viability and adaptation (2, 5) .
We recently described the up-regulation of multiple PDZ protein 1 (MUPP1) under hypertonic stress in inner medullary collecting duct (IMCD3) cells (6) . Under these conditions, silencing MUPP1 reduced monolayer transepithelial resistance (TER). MUPP1 through its 13 PDZ domains acts as scaffolding for attaching different proteins at the proper location in the membrane (7) (8) (9) (10) (11) (12) . It has become apparent that in polarized epithelial cells MUPP1 plays a key role in assembling tight junctions by recruiting and anchoring different members of junctional adhesion molecules (JAM) and claudins (9, 11) , that together with occludin, form tight junctions strands (for excellent reviews, see refs. [13] [14] [15] [16] [17] . In mammals, claudins represent a large superfamily of at least 24 different proteins that are considered as the principal barrier-forming proteins (16) . Claudins are transmembrane proteins that span the bilayer four times, contain two extracellular loop domains, and have both ends oriented toward the cytoplasm (13, 16) . The C terminus of nearly all claudins ends in a PDZ-binding motif that interacts with PDZ domains in the cytoplasmic scaffolding proteins ZO-1, -2, and -3, and MUPP1. Interaction between claudins and PDZ proteins is important to form well organized tight junction strands at the apical border of the lateral membrane.
To date, two claudins, claudin-1 and claudin-8, have been identified to interact with MUPP1 (9, 11) . In the kidney, various claudins are expressed in different segments of the nephron, but interestingly, claudin-4 (Cldn4) expression is localized only in segments with high resistance, including the medullary part of the collecting ducts (18) . We therefore postulated that the observations we reported for MUPP1 expression in the adaptive response to hypertonicity (6) could involve an interaction with one or more members of the claudin family. Thus, the aim of this work was to explore the expression of claudins, their relationship to MUPP1, and their functional relevance in the response to hypertonic stress in kidney cells.
Results

Effect of Hypertonicity on the Expression of Claudins in IMCD3 cells.
The effect of chronic hypertonic stress on claudin family gene expression in IMCD3 cells was evaluated by gene chip analysis. As depicted in Fig. 1A , expression of most claudins was absent in IMCD3 cells chronically adapted to hypertonicity (600 mOsm/ kgH 2 O) whereas a number of claudins were down-regulated (claudins-1, -2, -3, and -8). In contrast, the expression of Cldn4 mRNA was uniquely and robustly up-regulated (5ϫ, P Ͻ 0.01) under hypertonic stress. This increase was further verified by quantitative PCR using specific primers for mouse Cldn4 (Fig.  1B) . Expression of Cldn4 protein in IMCD3 cells exposed to acute and chronic hypertonicity was also evaluated. As shown in Fig. 1C , Cldn4 protein expression is nearly absent in cells maintained at isotonic conditions (300 mOsm/kgH 2 O). However, in cells acutely stressed (550 mOsm/kgH 2 O for 24 h) or chronically adapted (600 mOsm/kgH 2 O) to hypertonicity, Cldn4 expression is substantially up-regulated (6ϫ and 11ϫ, respectively, P Ͻ 0.01), further validating gene chip data.
isotonic conditions. Fig. 2A Left demonstrates little or no staining for Cldn4 in IMCD3 cells grown under isotonic conditions and only minor intracellular staining. In contrast, in IMCD3 cells stressed to 550 mOsm/kgH 2 O for 6 h, Cldn4 staining increased substantially ( Fig. 2 A Right) . Confocal Z-scan analysis reveals that Cldn4 immunocytochemical staining occurred uniformly in the lateral membrane as expected for representative tight junction proteins. To assess whether Cldn4 expression corresponded specifically to tight junctions, we performed a line Z-scan of the lateral membrane by using antibodies to the ␣ 1 subunit of the Na/K-ATPase as a basolateral marker. As shown in Fig. 2B , Cldn4 staining was restricted to the top part of the lateral membrane, indicating that its localization under hypertonic stress is likely to be at the tight junctions.
Kinetics of Cldn4 Protein Expression After Acute Exposure to Hypertonicity. Cldn4 protein expression in IMCD3 cells subjected to acute sublethal osmotic stress was evaluated to determine the relative onset of expression. To this end, we undertook Western blot analysis for protein at numerous time points after exposure to sublethal hypertonicity. Data shown in Fig. 3 demonstrate a significant increase in Cldn4 protein after 6-8 h of hypertonic stress (550 mOsm/kgH 2 O) with a maximum level of protein determined after 24-36 h.
Expression of Cldn4 in Renal Cortex and Medulla of Rodent Kidneys.
To assess whether the changes seen in cultured cells are also observed in renal tissues, protein expression was examined in kidney tissues of mice subjected to water ad libitum and after thirsting for 36 h (urine osmolality increased from 1,424 Ϯ 211 to 3,105 Ϯ 524 mOsm/kgH 2 O, n ϭ 6). Western blotting data shown in Fig. 4 indicate a relative absence of Cldn4 protein expression in the cortex and substantial protein in the papilla. Furthermore, Cldn4 protein expression significantly increased (P Ͻ 0.05) in the cortex and papilla tissues after thirsting the animals. 
Cldn4 and MUPP1 Interact and Colocalize in IMCD3 Cells Under
Hypertonic Stress. Because the last 2 aa of nearly all claudins, including Cldn4, are considered PDZ-binding domains, we examined a possible interaction between MUPP1 and Cldn4. To stabilize protein interactions better, cells were treated with the liposoluble cross-linker, dithiobis(succinimidyl)propionate (DSP). It is important to note that initial coimmunoprecipitation (CoIP) experiments were performed without the cross-linking agent, resulting in a similar although less intense signal. As shown in Fig. 5A , MUPP1 coprecipitates with Cldn4. In contrast, little or no signal for MUPP1 is found in the supernatant obtained from the unbound protein to Cldn4 or from further washes (SN1 and SN2, respectively). Further, we colocalized MUPP1 and Cldn4 in IMCD3 cells acutely exposed to hypertonicity. As shown in Fig. 5B , Cldn4 (green) and MUPP1 (red) colocalize (yellow) in these cells. The Z-scan view localizes both proteins at the lateral membrane, suggesting that this interaction occurs at the tight junctions.
MUPP1 Is Necessary for Normal Expression and Localization of Cldn4
Under Hypertonic Stress. To assess the physiologic role of MUPP1 on the osmotic up-regulation of Cldn4, we undertook to silence protein expression. As described in ref. 6 , we generated stable IMCD3 clones silenced for MUPP1 expression employing shRNA (pSM2-MUPP1; Open Biosystems). We therefore examined the expression of Cldn4 under hypertonic stress in the absence of MUPP1 and in empty-vector control cells expressing MUPP1 (pSM2-EV). As shown in Fig. 6A by Western blotting, after 24 h of hypertonic stress, Cldn4 expression is substantially reduced in MUPP1-silenced cells compared with empty-vector control cells (59.2% reduction, P Ͻ 0.01). In contrast, silencing MUPP1 does not affect the expression of other constituent proteins of the tight junctions including ZO-1, indicating that MUPP1 is important for normal expression of Cldn4. Furthermore, immunofluorescence studies ( Fig. 6B ) performed in these cells reveal not only a decrease in Cldn4 expression but also a loss in localization at the membrane, suggesting that MUPP1 is involved in the proper localization of Cldn4 at the tight junctions. Because mislocalization of Cldn4 in MUPP1-silenced cells may lead to enhanced degradation and thereby an overall decrement in protein expression, we performed experiments inhibiting lysosome activity with 1 M bafilomycin A1, a specific inhibitor of the H-ATPase proton pump. As shown in Fig. 7A colocalized to other organelles including the Golgi apparatus (anti-GS15) or early endosomes (anti-Rab5) (data not shown).
MUPP1/Cldn4 Confers a Tight Epithelia Phenotype in IMCD3 Cells
Under Hypertonic Stress. To determine whether the absence of Cldn4 at the tight junctions of IMCD3 under hypertonic stress affects the functionality of these epithelia, MUPP1-silenced cells were analyzed for TER and compared with control cells. We reported an association between MUPP1 expression and TER, indicating that MUPP1 was necessary for high TER in IMCD3 cells (6) . In similar experiments, monolayers were analyzed for the maximum value of TER over time. The maximum TERs for monolayers from MUPP1-silenced cells adapted to 550 mOsm/ kgH 2 O compared with control cells occurred at day 6, and data identified a 28.5 Ϯ 3.4% (P Ͻ 0.01) reduction in monolayer TER compared with control values (Fig. 8A) . Despite restoration of Cldn4 expression, treatment of the monolayers with bafilomycin A1 did not restore TER to empty-vector control values because the protein is mislocalized to the lysosome in the absence of MUPP1. This finding strongly suggests that MUPP1 expression is required for correct localization of Cldn4 to the tight junctions (Fig. 7B) . To determine better whether the difference in TER values was caused by an absence of Cldn4 at the tight junctions, we stably silenced the expression of Cldn4 in IMCD3 cells (pSM2-Cldn4; Open Biosystems). In Fig. 8B , a representative Western blot is shown, demonstrating two different clones in which Cldn4 expression was partially (clone 1) and totally (clone 2) silenced compared with empty-vector controls. As shown in Fig. 8C , a 12 Ϯ 0.8% (P Ͻ 0.01) reduction in TER was observed in the partially silenced clone 1. In contrast, a 24 Ϯ 2.1% (P Ͻ 0.001) reduction in TER was observed in the totally silenced clone 2 compared with empty-vector control cells. These data are similar to results obtained from MUPP1-silenced cells and therefore strongly suggest that the reduction in TER with MUPP1-silenced cells is caused by the absence of Cldn4 at the tight junctions.
Discussion
Changes in the cellular genome and proteome are required for cells of the renal inner medulla to survive and adapt to extreme changes in hypertonicity. A large body of information already exists for changes in proteins that are involved in organic osmolyte accumulation; ion transport, and DNA repair (1, 2, 4, 19, 20) . However, it is expected that a larger set of genes is involved that have wide ranging effects of critical importance. We have reported (6) the up-regulation of the tight junction scaffolding protein, MUPP1, under hypertonic stress in IMCD3 cells and in the inner medulla of the kidney. MUPP1 up-regulation under hypertonic conditions ultimately leads to the maintenance of a tighter epithelia monolayer as demonstrated by an increase in monolayer TER. In this work, we describe the up-regulation under hypertonic stress of another tight junction protein, Cldn4, a member of the claudin superfamily. Previous reports indicate that overexpression of Cldn4 in epithelial cells (Madin-Darby canine kidney II and Lilly Laboratories Cell and Porcine Kidney 1) increased monolayer TER with a concomitant decrease in the permeability for sodium (21, 22) . This work describes the up-regulation of Cldn4 under hypertonic stress. Gene chip analysis for IMCD3 cells exposed to increasing levels of tonicity demonstrated a 5-fold increase in Cldn4 mRNA levels. In contrast, mRNA levels of Cldn2, a well known claudin associated with ''leaky'' epithelia (23, 24) , was substantially down-regulated, indicating that these cells coordinate a change in phenotype for enhanced tight junction integrity under hypertonic stress. Changes in Cldn4 mRNA levels were further verified for protein expression by Western blotting. Cldn4 protein expression increased rapidly upon exposure of cells to an acute sublethal osmotic stress in a time frame similar to early response proteins including MUPP1. Under isotonic conditions, IMCD3 cells were found to express very low levels of Cldn4 that increased substantially during acute or chronic exposure to hypertonicity (6ϫ and 11ϫ, respectively, P Ͻ 0.01). The expression of Cldn4 protein in response to hypertonicity was also demonstrated in kidney tissues of mice with substantial Cldn4 protein levels in the hypertonic papilla tissues and nearly absent in the isotonic cortex, corroborating previous reports showing Cldn4 presence in the kidney restricted mostly to collecting duct cells (18) . Thirsting mice and thereby further increasing kidney tissue tonicity resulted in an additional increase in the expression of Cldn4 in papilla tissues of mice. Confocal immunofluorescence in IMCD3 cells identified localization of Cldn4 protein by Z-scan analysis at the upper level of the basolateral membrane, consistent with this protein involvement in tight junction complexes. Because Cldn4 and MUPP1 are up-regulated under hypertonic stress in a very similar time frame, we examined a potential mechanism by which they interact as a consequence of the osmotic stress response.
Knowing that the C terminus of most claudins including Cldn4 binds to PDZ proteins such as ZO-1, -2, -3, and MUPP1, we evaluated coprecipitation of both proteins from IMCD3 cells chronically adapted to hypertonicity. After cross-linking the interactions with DSP, we could coprecipitate Cldn4 and MUPP1, indicating that these proteins do indeed interact in IMCD3 cells. Also, confocal analysis revealed that both proteins colocalized at the tight junctions of these cells under hypertonic stress. Several previous studies reported that PDZ proteins including MUPP1 may act as scaffolding and transport proteins for correct targeting, expression, and localization of claudins in the tight junctions (16, 25) . In this regard, inappropriate localization of claudins has been described to induce several diseases and pathologies, including hypomagnesemia hypercalciuria with nephrocalcinosis, in which a mutation in the claudin-16 gene leads to disruption of its PDZbinding site, abolishing its interaction with ZO-1 and mistargeting to the lysosome (26, 27) . A more dramatic example is that viral oncoproteins such as the adenovirus E4-ORF protein are able to sequester tight junction PDZ proteins (MUPP1, MAGI-1, ZO-2) in the cytoplasm of epithelial cells, avoiding their localization at the tight junctions and ultimately disrupting the tight junction integrity causing polarity defects. These cellular changes enhance the tumorigenic potential of these viruses (28, 29) . A similar effect of sequestering MUPP1 in the cytosol and tight junction disruption has been described for the high-risk human papillomavirus type 18 E6 oncoprotein, thus suggesting that MUPP1 is a key target for oncogenic virus and important in assembling tight junctions (29) (30) (31) . To determine whether MUPP1 is important in the expression and proper localization of Cldn4, we silenced MUPP1 by employing a stable siRNA vector. In these cells, we have found that Cldn4 protein expression is substantially blunted by Western blotting under hypertonic stress. Experiments also revealed that Cldn4 protein expression in MUPP1-silenced cells under hypertonic stress could be restored by inhibition of lysosome activity using bafilomycin A1. Furthermore, Cldn4 protein was found to colocalize with the lysosomal marker LAMP1 in bafilomycin A1-treated cells. These data thus strongly suggest that MUPP1 is necessary for the correct expression and localization of Cldn4 at the tight junction in kidney cells under hypertonic stress. Conversely, without MUPP1 protein expression, Cldn4 is misrouted to lysosomes for degradation. Functionally, MUPP1 silencing leads to a reduction in TER in IMCD3 cell monolayers under hypertonic stress as we described (6) . Interestingly, treatment of MUPP1-silenced cells with bafilomycin A1 under hypertonic stress essentially restored overall Cldn4 protein expression but not proper localization because localization to the tight junction is necessary for the generation of TER. This treatment also failed to restore monolayer TER. As indicated, loss of monolayer TER is likely to be caused by decreased localization of Cldn4 at the tight junctions because silencing Cldn4 expression in IMCD3 cells led to a similar reduction in TER values compared with empty-vector control cells. This disruption of tight junction complexes at the inner medulla of the kidney may result in a loss of the permeability characteristics of this usually tight epithelium.
In conclusion, this report identifies Cldn4 as an osmotic response protein in IMCD3 cells and the papilla of mouse kidneys. We also demonstrate the critical role of MUPP1 to target Cldn4 to the tight junction. Our data suggest that Cldn4/MUPP1 up-regulation plays a critical role in maintaining a tight epithelial phenotype in the inner medulla under hypertonic stress.
Experimental Procedures
Materials. Cell culture medium, FCS, and antibiotics were from GIBCO. Antibodies to Cldn4, ZO-1, Rab5, and the ␣1 subunit of Na/K-ATPase were from Santa Cruz Biotechnology. Antibodies to MUPP1 and GS15 were from Clontech. Antibody to LAMP1 was from Abcam, and antibodies to ␤-actin were from Cell Signaling. All other chemicals, including bafilomycin A1, were from Sigma.
Cell Culture. The established murine IMCD3 cell line originally developed by Rauchman (32) was provided by Steve Gullans (Rx Gen, Hamden, CT). Cell stocks were maintained as described in ref. 33 . IMCD3 clones silenced for MUPP1, Cldn4, and empty-vector control cells were developed as described in ref. 6 . In experiments involving hypertonic stress, the media in culture dishes were exchanged for that with added NaCl to the specified osmolality depending on the experiment. Osmolality was determined with a microosmometer (model 3300; Advanced Instruments).
Gene Arrays. The mouse gene array 430-2.0 from Affymetrix contains 39,000 transcripts. RNA transcription to cDNA, biotinylation to cRNA, fragmentation, hybridization to the chip, and chip analysis with a Hewlett-Packard gene array scanner were performed according to the manufacturer's recommendations by the University of Colorado Gene Array Core. Gene array data were analyzed by using both the Affymetrix Microarry Suite 5.0 and GeneSpring (Silicon Genetics) software analysis programs.
TER Measurements. TER measurements on cell monolayers were performed after seeding cells on Millicel-PCF filters (PIHP01250; Millipore) as described in ref. 6 . An EVOM voltohmmeter (World Precision Instruments) was used for TER measurements. Monolayer TER was measured over a 6-day period or until maximum measurement was determined.
Mouse Kidney Tissues. C57BL/6 mice were obtained from Jackson Laboratories. Mice were subjected to food and ad libitum water or thirsted for 36 h. Mice were harvested by cervical dislocation; urine samples were collected from the bladder for osmolality analysis, and kidneys were removed and papilla and cortex tissues dissected and snap frozen in liquid nitrogen. Tissues were homogenized with a glass tissue grinder on ice with lysis buffer and were analyzed as described in ref. 34 .
RNA Extraction, Analysis, and Message Quantification. Cytosolic RNA was isolated from confluent cultures by using the RNeasy kit (Qiagen). RNA integrity was assessed by capillary electrophoresis by using a 2100 Bioanalyzer [using the 28 S to 18 S rRNA ratio (Agilent)]. RNA was converted to cDNA by using the Omniscript reverse transcriptase kit (Qiagen) as described by the manufacturer. Quantitative PCR primers specific to Cldn4 were designed by using Beacon Designer 5.0 software (Premier Biosoft International). Quantitative PCR was performed by using 5Ј-CCACTCTGTCCACATTGC-3Ј forward primer and 5Ј-TGCCTTCAGCCCATATCC-3Ј reverse primer (70 nM each) with a SYBR Green master mix (JumpStart Taq Readymix; Sigma) on a Bio-Rad I-Cycler. Quantitative PCR runs were analyzed by agarose gel electrophoresis and melt curve to verify that the correct amplicon was produced. ␤-Actin RNA was used as internal control, and the amount of RNA was calculated by the comparative C T method as recommended by the manufacturer.
CoIP and Cross-Linking. Before performing CoIP, cells were treated for 30 min at room temperature with 2 mM DSP (Pierce) to stabilize protein interactions. The cross-linking reaction was stopped with 20 mM Tris (pH 7.5) for 15 min, and cells were resuspended in ice-cold RIPA buffer (Pierce) and disrupted by repeated passage through a 21-gauge needle. Cellular debris was pelleted by centrifugation, and soluble proteins obtained from the supernatant were precleared by incubation with 25% protein A-agarose slurry in PBS at 4°C (Roche). Samples were centrifuged at low rpm, and 500 g of the supernatant was incubated overnight at 4°C with 1 g of rabbit polyclonal anti-Cldn4 antibody. Unbound proteins were collected for analysis (SN1), and immunoprecipitated proteins were obtained by adding 20 l of protein A-agarose beads and a series of washes/centrifugations with PBS (SN2). After the final wash, the pellet was resuspended in 2ϫ sample buffer containing 2-mercaptoethanol to cleave crosslinked interactions and boiled just before electrophoresis.
Protein Extraction and Western Blotting. Cell protein lysates were prepared from confluent cell cultures as described in ref. 34 . Sample protein content was determined by the BCA protein assay (Pierce). Eighty micrograms of total protein was loaded per lane for SDS/PAGE (12.5% wt/vol) analysis and then transferred to PVDF membranes. Membranes were incubated with primary antibodies and visualized by using a horseradish peroxidase (HRP) secondary antibody (Cell Signaling) and the HRP Immunstar detection kit (Bio-Rad). Chemiluminescence was recorded with an Image Station 440CF, and results were analyzed with the 1D Image Software (Kodak Digital Science).
Confocal Fluorescence Microscopy. IMCD3 cells were grown to confluence on 8-well glass slides (177402; NUNC) and fixed with methanol at Ϫ20°C for 2 min. Cells were then permeabilized with 0.3% Triton X-100 in PBS and incubated overnight with Cldn4, MUPP1, LAMP1, ␣1 Na/K-ATPase, and/or ZO-1 antibodies. Cells were rinsed and incubated with Alexa-Fluor 488 or 568 conjugated secondary antibodies (Molecular Probes). Samples were covered with an antifading mounting medium (Vector Laboratories). Preparations were imaged with a 40ϫ water-immersion objective by using a laser scanning confocal microscope (model LSM510; Zeiss). Data were analyzed by using the LSM Image Analyzer postacquisition software (Zeiss). Immunofluorescence analysis was performed at least three times (separate plates) and by evaluation of Ͼ10 random fields.
Statistics and Data Analysis. All data are presented as the mean Ϯ SEM. Data graphics and statistical analysis were performed by using Instat (version 3.0) and Prism 4 (both from GraphPad Software). Data were analyzed by normality tests and by the Tukey-Kramer multiple comparison test. Multiple group corrections were performed by using the method of Bartlett. In most cases, experiments were performed three times with independent replicates. Total data points (n) are identified in figure legends. P values Ͻ0.05 were recognized as statistically significant.
